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Abstract
Elastography is an imaging technique based on strain estimation in soft tissues under quasi-static compression. The stress is
usually created by a compression plate, and the target is imaged by an ultrasonic linear array. This conﬁguration is used for breast
elastography, and has been investigated both theoretically and experimentally. Phenomena such as strain decay with tissue depth
and strain concentrations have been reported.
However in some in vivo situations, like prostate or blood vessels imaging, this set-up cannot be used. We propose a device to
acquire in vivo elastograms of the prostate. The compression is applied by inﬂating a balloon that covers a transrectal sector probe.
The 1D algorithm used to calculate the radial strain fails if the center of the imaging probe does not correspond to the center of the
compressor. Therefore, experimental elastograms are calculated with a 2D algorithm that accounts for tangential displacements of
the tissue.
In this article, in order to gain a better understanding of the image formation process, the use of ultrasonic sector scans to image
the radial compression of a target is investigated. Elastograms of homogeneous phantoms are presented, and compared with
simulated images. Both show a strain decay with tissue depth. Then experimental and simulated elastograms of a phantom that
contains a hard inclusion are presented, showing that strain concentrations occur as well. A method to compensate for strain decay
and therefore to increase the contrast of the strain elastograms is proposed.
It is expected that such information will help to interpret and possibly improve the elastograms obtained via radial compres-
sion.  2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Elastography [1] is a technique that provides images
of internal strains inside soft tissues under a small
quasi-static compression. These strain images, or strain
elastograms, depict the behaviour of the tissues when
subjected to a mechanical stress. The resulting strains
depend on the mechanical properties of the tissues and
on the applied stress distribution.
Usually, a plate is used to compress the tissues. This
conﬁguration has been investigated both theoretically
and experimentally [2]. The strain distribution inside a
homogeneous medium compressed between two plates is
not uniform, with strain varying as a function of depth.
Also, the presence of a stiﬀ or a soft inclusion with sharp
edges induce stress and strain concentrations around the
inclusion [3]. Therefore the true modulus elastogram
cannot be easily determined from the strain elastogram,
and an inverse problem approach is necessary if one
wants to obtain the Young’s modulus. Nevertheless,
even though the strain elastogram is diﬀerent from the
modulus elastogram, it still conveys important infor-
mation about the mechanical behaviour of the tissues.
Clinically relevant information can be extracted from
the strain elastogram if the observer knows and recog-
nises the strain patterns presented in these images. For
example, knowledge of the strain concentration patterns
helps in distinguishing real lesions from strain concen-
trations.
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PII: S0041-624X(02)00228-7In prostate elastography [4] or intravascular elastog-
raphy [5], the compression plates cannot be used. We
propose a device composed of a transrectal ultrasound
probe covered by a balloon in order to acquire in vivo
elastograms of the prostate. The compression is applied
by inﬂation of the balloon, while the sector scan imaging
probe is used to acquire the ultrasound signal for data
processing. In this device, both the main component of
the applied stress and the direction of propagation of the
imaging pulses are radial, provided that the imaging
probe is centered [6].
In this article, in order to gain a better understanding
of the strain elastograms produced by this system, the
strain distribution is studied both theoretically and ex-
perimentally in a homogeneous phantom, and then in a
phantom with a stiﬀ inclusion. The expected strain de-
cay with depth tends to hide the strain information, so a
strain decay compensation technique is proposed in
order to improve the contrast of the strain elastogram.
2. Material and method
2.1. Simulation
The geometrical model selected for this study repre-
sents the circular cross-section of an ultrasonically and
elastographically homogeneous cylindrical phantom
with or without a stiﬀ inclusion (Fig. 1). The phantom
contains two regions: normal and stiﬀ regions. The stiﬀ
region represents an inclusion connected to the inner
phantom medium. A 40 mm diameter cylindrical hole at
the center of the phantom represents the rectal cavity,
inﬂated by a balloon.
The phantom is represented by an unstructured, tri-
angular ﬁnite element mesh (FEM). The FEM model [7]
is designed to calculate the strain in an inhomogeneous,
isotropic, elastic body in a plane strain state which is
subjected to natural boundary conditions set by the in-
ternal pressure change. The uniform pressure (natural or
Neumann boundary condition) is applied at the inner
rectal wall. In order to simulate the conditions met in
transrectal prostate elastography in vivo, the outer
boundaries of the model are ﬁrst left free and then
conﬁned laterally in regions corresponding to the pubic
and Coccyx regions.
The Young’s modulus contrast for the stiﬀ inclusion
is set to 1.45. For all these regions the Poisson’s ratio is
set to 0.495, accounting for a quasi-incompressibility
condition.
2.2. Phantom experiment
The homogeneous and inhomogeneous phantoms
were made of a water-based gel containing 6% weight
gelatine powder (225 Bloom from porcine skin, SKW
Biosystems, France) and 3% agar (Sigma, France). The
stiﬀ inclusion was made with 12% gelatine and 3% agar.
De-ionised and degassed water was used to prepare the
phantom. The Young’s modulus contrast between the
inclusion and the background was 1.45 (3.2 dB) [8].
A standard ultrasound scanner (Combison 311,
Kretz, Austria) equipped with a 7.5 MHz transrectal
probe (IRW 77AK, Kretz, Austria) was connected to a
PC digitiser (CS6012/PCI, Gage Applied Sc., Canada)
to acquire the radio-frequency (RF) ultrasound signals
with a 60 MHz sampling frequency.
The imaging probe was inserted into the central hole
of the phantom, and the balloon was inﬂated until good
contact was made in every direction. The pre-compres-
sion sonogram was acquired (316 beams), and the po-
sition of the balloon was estimated using a threshold on
the echo signal. The balloon was then gradually inﬂated
to compress the phantom, and the post-compression
image was acquired when a 0.25 mm displacement of the
balloon was detected. The radial displacements were
obtained by the cross-correlation technique along each
RFline, with a 2 mm window size and a 75% overlap.
Radial strain was estimated from the gradient of the
displacement versus depth. In the presence of lateral or
rotational motion, the cross-correlation along individual
RFlines failed to estimate the displacements. In this
case, a high precision 2D lateral displacement estimation
algorithm [3] was used to compensate for this undesired
motion. Radial and angular displacements were mea-
sured in polar coordinates on interpolated A-lines. 10
interpolated A-lines were constructed by linear inter-
polation between each pair of original RFlines. This
estimator was able to generate a radial strain elastogram
even in the presence of rotation. Fig. 1. Phantom geometry.
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3.1. Strain estimation using a 2D algorithm
Fig. 2 shows the radial strain elastograms obtained
experimentally with 1D and 2D algorithms when rota-
tion exists. The 1D algorithm fails completely, whereas
the 2D algorithm is able to show the stiﬀ inclusion in the
phantom. When the phantom was prepared, a very soft
gel layer formed at the interface between the back-
ground and the inclusion, seen as a high strain ring
around the inclusion in Figs. 2 and 5. A lateral trans-
lation also occurred, resulting in a heterogeneous an-
gular displacement distribution. The combination of
rotation and translation may explain the poor quality
of the elastogram. These undesired motions were mini-
mised in subsequent experiments and the 1D estimator
was used hereafter.
3.2. Strain decay
The theory predicts a strain decay with depth [9]. Fig.
3 shows the proﬁle of the absolute value of the theo-
retical strain versus depth, calculated by the FEM
model, and the absolute value of the experimental strain
measured in the homogeneous phantom (averaged over
60 lines; i.e. 24), when the phantom was not conﬁned.
The strain is proportional to  1=r2, where r is distance
from the axis of the cylinder.
Fig. 4 shows the experimental strain proﬁle in the
unconﬁned phantom with inclusion (averaged over the
whole imaging area) plotted along with the  1=r2 line
ﬁt. Because of the averaging, the inclusion is not visible,
although a slightly lower strain can be seen between 36
and 48 mm. The undesired soft layer was removed in the
proﬁle presented in Fig. 4 by ignoring strains higher
than 2% in the individual proﬁles when averaging. There
is good agreement between the FEM model, the  1=r2
analytic model, and the experimental data.
3.3. Strain decaycompensation
We estimated the average strain proﬁle versus depth
for the inhomogeneous phantom. Then we calculated
Fig. 2. Radial strain elastogram obtained with 1D cross-correlation
and with the 2D algorithm. A dark mask hides the areas where dec-
orrelation prevents strain estimation. The 1D elastogram is entirely
decorrelated, but the 2D algorithm is able to show the inclusion.
Fig. 3. Simulated (dotted line) and experimental (solid line) radial
strain proﬁle (normalised, absolute value) plotted versus depth in the
unconﬁned homogeneous phantom.
Fig. 4. Absolute values of the average experimental radial strain proﬁle
(solid line) and of the  1=r2 analytic model (dashed line) in the un-
conﬁned phantom with a stiﬀ inclusion.
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y ¼  A=r2 that minimises the mean square error, where
A is a constant and r is the depth. Note that the exact
position of the imaging probe had to be estimated from
the echo signals, in order to avoid any registration error
that would have caused a bias in the estimation of r.
Then the depth-compensated strain S was obtained by
multiplying the measured strain by r2=A. This produces
a more uniform image, where a value of one represents
the average depth-compensated strain in the medium,
values between zero and one depict areas of lower strain,
and values higher than one represent areas of relatively
higher strains.
Fig. 5 shows the elastograms with and without strain
decay compensation. It can be noted that the visualisa-
tion of the inclusion is improved by this technique. The
strain concentrations surrounding the inclusion are also
more clearly depicted. Fig. 6 shows the corresponding
strain proﬁles inside the inclusion.
3.4. Strain concentrations
Strain decay compensation was performed on the
simulated data for the same conﬁguration (Fig. 7). The
strain map shows a ‘‘butterﬂy wings’’ concentration
pattern around the inclusion, similar to that observed on
phantom data (Fig. 4).
Fig. 7. Simulated strain elastogram for the unconﬁned phantom with
inclusion, with strain decay compensation.
Fig. 5. Elastogram of the unconﬁned phantom containing a stiﬀ inclusion, with and without strain decay compensation.
Fig. 6. Strain proﬁles inside the inclusion (average over 20 lines), with and without strain decay compensation.
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Strain decay was shown on simulated and experi-
mental data in a homogeneous circular phantom, with
good agreement. The strain was proportional to  1=r2
where r is the distance to the center of the phantom.
When the phantom was conﬁned, the strain was slightly
increased. Strain decay compensation was performed on
experimental data by multiplying the strain by r2.O n
a phantom containing a stiﬀ inclusion, this correction
method improved the contrast of the elastogram, and
showed strain concentrations in a ‘‘butterﬂy wings’’
pattern that correspond to simulated data.
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